Protein concentration gradients encode spatial information across cells and tissues and often depend on spatially localized protein synthesis. Here, we report that a different mechanism underlies the MEX-5 gradient. MEX-5 is an RNA-binding protein that becomes distributed in a cytoplasmic gradient along the anterior-to-posterior axis of the one-cell C. elegans embryo. We demonstrate that the MEX-5 gradient is a direct consequence of an underlying gradient in MEX-5 diffusivity. The MEX-5 diffusion gradient arises when the PAR-1 kinase stimulates the release of MEX-5 from slow-diffusive, RNA-containing complexes in the posterior cytoplasm. PAR-1 directly phosphorylates MEX-5 and is antagonized by the spatially uniform phosphatase PP2A. Mathematical modeling and in vivo observations demonstrate that spatially segregated phosphorylation and dephosphorylation reactions are sufficient to generate stable protein concentration gradients in the cytoplasm. The principles demonstrated here apply to any spatially segregated modification cycle that affects protein diffusion and do not require protein synthesis or degradation.
INTRODUCTION
Protein gradients are an efficient way to encode spatial information within cells and across tissues. The mechanisms that generate and maintain protein gradients have been the subject of extensive theoretical and experimental analyses (Wartlick et al., 2009) . Most studies have emphasized the role of a localized protein source as the foundational asymmetry underlying gradient formation. For example, in Drosophila embryos, the Bicoid protein is synthesized at one end of the egg from a localized pool of bicoid mRNA. Diffusion away from the local source and uniform protein degradation across the egg generate a concentration gradient over the course of $2 hr (Ephrussi and St Johnston, 2004; Little et al., 2011) . Extracellular gradients also depend on the localization of specialized cells that synthesize and secrete the signal (source) among cells that respond to and internalize the signal (sink) (Wartlick et al., 2009) .
A spatially segregated source/sink model can also account for the formation of phosphorylation gradients or ''phosphogradients.'' Phosphogradients have been implicated in the spatial organization of signal transduction pathways where phosphorylation modulates protein activity. Phosphogradients arise when a diffusing substrate is acted upon by a kinase (source) and phosphatase (sink) that are separated in space (Brown and Kholodenko, 1999) . In phosphogradients, the ratio of unphosphorylated to phosphorylated substrate varies in space, but the overall concentration of the substrate is uniform (Brown and Kholodenko, 1999; Coppey et al., 2008; Fuller et al., 2008; Kalab et al., 2002; Maeder et al., 2007; Su et al., 1998) . In 2008, Lipkow and Odde predicted that, if phosphorylation changes the diffusivity of the substrate, spatially segregated kinase/phosphatase cycles would also affect the overall distribution of the substrate to generate a protein concentration gradient (Lipkow and Odde, 2008) . The spatial bias in the generation of the phosphorylated isoform generates a diffusion gradient that causes the substrate to concentrate in regions of low diffusivity (Lipkow and Odde, 2008) . In the present study, we provide experimental evidence in support of this model in C. elegans.
The C. elegans one-cell embryo (zygote) is a classic model for the study of intracellular asymmetries (Goldstein and Macara, 2007; St Johnston and Ahringer, 2010) . After fertilization, a group of conserved polarity regulators, the PAR proteins, sort into anterior (PAR-3/PAR-6/PKC-3) and posterior (PAR-2 and PAR-1) domains in the actin-rich layer (or ''cortex'') under the plasma membrane (Kemphues, 2000) . In response to PAR asymmetry at the cortex, cell-fate determinants become asymmetrically distributed in the cytoplasm. Among them is the RNA-binding protein MEX-5, which redistributes in 10 min into an anteriorhigh/posterior-low gradient across the length of the 50 mm zygote (Schubert et al., 2000; Tenlen et al., 2008) . MEX-5, in turn, partitions other factors such as PIE-1 to the posterior cytoplasm and PLK-1 to the anterior cytoplasm (Budirahardja and Gö nczy, 2008; Mello et al., 1996; Rivers et al., 2008; Schubert et al., 2000) . Consequently, during the first cell division, the two daughter blastomeres inherit different determinants, which help to specify their distinct fates (anterior/somatic and posterior/germline). Mutations in the PARs cause MEX-5 (and its targets) to remain symmetrically distributed (Schubert et al., 2000; Tenlen et al., 2008) , but the mechanisms linking PAR asymmetry to the MEX-5 gradient are not known.
Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy (FCS) experiments have shown that, in polarized zygotes, GFP::MEX-5 diffuses faster in the posterior cytoplasm, where MEX-5 protein concentration is lowest (Daniels et al., 2010; Tenlen et al., 2008) . Fast diffusion requires par-1 activity and a C-terminal serine in MEX-5 (S458), which is phosphorylated in a par-1-and par-4-dependent manner in vivo (Tenlen et al., 2008) . Phosphorylation of S458, however, does not correlate with gradient formation or fast diffusion, suggesting that other mechanisms regulate MEX-5 asymmetry (Tenlen et al., 2008) . Two speculative models have been proposed. The first model invokes dynamic binding of MEX-5 to cytoskeletal elements asymmetrically distributed in the cytoplasm (Tenlen et al., 2008) . In this model, the PARs localize MEX-5 indirectly by localizing factors, such as myosin, that retard MEX-5 diffusion in the anterior cytoplasm (Tenlen et al., 2008) . A second model proposes that the PARs regulate MEX-5 distribution by forming ''reactive surfaces'' in the anterior and posterior cortices, which locally decrease and increase, respectively, the rate of MEX-5 diffusion (Daniels et al., 2010) . How the PARs modify MEX-5 diffusion, and how differences originated at the cortex are propagated through the cytoplasm, however, is not known.
In this study, we present evidence that the MEX-5 gradient arises as a direct consequence of a complementary PAR-1 kinase activity gradient in the cytoplasm. We demonstrate that MEX-5 is a substrate of PAR-1 and identify PP2A as the opposing phosphatase in the cytoplasm. Our findings reveal an unexpected direct patterning role for PAR-1 in the cytoplasm and provide experimental evidence for the theoretical model of Lipkow and Odde (2008) .
RESULTS

A MEX-5 Diffusion Gradient Underlies the MEX-5 Concentration Gradient
To examine MEX-5 dynamics in live zygotes, we generated a Dendra::MEX-5 fusion. Dendra is a photoactivatable fluorescent protein that is photoconverted irreversibly from green to red fluorescence by exposure to 405 nm light (Gurskaya et al., 2006) . Unlike FRAP, photoconversion is a positive marking technique that can be used to measure rates of protein degradation and diffusion, without interference from new protein synthesis (Lippincott-Schwartz and Patterson, 2008) . We first photoconverted Dendra::MEX-5 throughout the zygote before polarization (prior to appearance of the pronuclei). We found that photoconverted Dendra::MEX-5 (Dendra R ::MEX-5) formed an $3-fold anterior-posterior gradient by nuclear envelope breakdown (NEBD, first mitotic division), as is observed for endogenous . Total levels of Dendra R ::MEX-5 did not change during gradient formation: levels increased in the anterior half and decreased in the posterior half by $25% (Figure 1C) . We conclude that formation of the MEX-5 gradient involves redistribution of existing MEX-5 and does not require MEX-5 synthesis or degradation. Next, to compare mobility of MEX-5 between the anterior and posterior, we photoconverted Dendra::MEX-5 in two stripes at $30% and $70% embryo length during polarization ( Figure 1D ). Dendra R ::MEX-5 diffused symmetrically away from both stripes with no directional bias ( Figure 1D ). The apparent diffusivity of Dendra R :MEX-5, however, appeared to differ between the two stripes, with faster diffusion in the posterior stripe ( Figure 1D ). These observations are consistent with earlier FRAP experiments, which showed that GFP::MEX-5 diffuses faster in the posterior cytoplasm after polarization (Daniels et al., 2010; Tenlen et al., 2008) .
To examine MEX-5 mobility systematically during polarization, we measured the apparent diffusion coefficient (D c ) of Dendra R ::MEX-5 at 17 positions along the long (anterior-posterior) axis and 3 positions along the short axis, before polarization (before pronuclear formation), at the onset of polarization (pronuclear formation), and after polarization (NEBD). The apparent D c of Dendra R ::MEX-5 was uniformly slow before pronuclear formation (average D c between 10% and 90% embryo length was 0.78 mm 2 /s) ( Figure 1E ). After pronuclear formation, the apparent D c of Dendra R ::MEX-5 increased to an average of 1.70 mm 2 /s.
This increase was observed throughout the central cytoplasm, but not in the cytoplasm nearest the cortex (peripheral cytoplasm) where Dendra R ::MEX-5 diffusion remained slow (Figure 1E) . By NEBD, the apparent D c of Dendra R ::MEX-5 was graded linearly throughout the cytoplasm, with the lowest value at the anterior-most position and the highest value at the posterior-most position, mirroring the MEX-5 protein concentration gradient (compare Figures 1B and 1E) . We conclude that redistribution of MEX-5 correlates temporally and spatially with changes in MEX-5 diffusion.
par-1 Is Necessary and Sufficient to Increase MEX-5 Diffusion in Zygotes To determine whether the anterior or posterior PARs regulate MEX-5 dynamics, we monitored MEX-5 distribution and diffusion at NEBD in zygotes defective for the anterior kinase aPKC/ PKC-3 or the posterior kinase PAR-1 (Figure 2A ). pkc-3(RNAi) embryos lack PKC-3 and have uniform PAR-1 (Figure 2A and Figure S1A available online). The par-1 allele it51 inactivates PAR-1 kinase activity but does not affect PAR-1 or PKC-3 localizations (Figures 2A and 2B ; Figure S1B ) (Cheeks et al., 2004; Guo and Kemphues, 1995) . Previous work has shown that in par-1(RNAi) embryos, MEX-5 mobility does not increase in the posterior cytoplasm and MEX-5 does not segregate (Tenlen et al., 2008) . We found that Dendra R ::MEX-5 remained symmetrically distributed in both pkc-3(RNAi) and par-1(it51) zygotes (Figures S1A and S1B). Strikingly, the apparent D c of Dendra R :: MEX-5 was uniformly high in pkc-3(RNAi) zygotes and uniformly low in par-1(it51) and par-1(it51);pkc-3(RNAi) zygotes ( Figure 2C ). We conclude that PAR-1 functions downstream of PKC-3 and is required to stimulate MEX-5 diffusion.
In polarized zygotes, PAR-1 kinase is present both in the cytoplasm and on the posterior cortex (Guo and Kemphues, 1995) . To examine PAR-1 dynamics during polarization, we imaged zygotes expressing a full-length GFP::PAR-1 fusion. Before pronuclear formation, GFP::PAR-1 was uniformly distributed in the cytoplasm and weakly on the cortex (data not shown). At pronuclear formation, GFP::PAR-1 levels increased in the central cytoplasm and decreased in the peripheral cytoplasm (Figure 2D ). This relocalization coincided temporally and spatially with an increase in Dendra R ::MEX-5 diffusion in the central cytoplasm ( Figure 1E ) and an increase in Dendra R ::MEX-5 levels in the peripheral cytoplasm ( Figure 2D ). During pronuclear Embryo schematic shows the position of the photoconversion stripes along the long and short axes. ''Peripheral cytoplasm'' as mentioned in the text refers to 10% and 90% embryo length. Error bars represent SEM. and PAR-1 (purple on cortex and in cytoplasm) in zygotes of the indicated genotypes. MEX-5 localizes in a gradient in wild-type and par-2(RNAi) embryos and remains symmetrically distributed in all other genotypes. par-1(it51) and par-1(b274) are mutations that, respectively, inactivate PAR-1 kinase activity and truncate the PAR-1 protein ( Figure S1E ) (Guo and Kemphues, 1995) . Also see Figures S1A, S1B, and S1E.
(B) PAR-1 schematic: T983 is a conserved aPKC/PKC-3 phosphorylation site. The C-terminal domain (965-1192) contains the lipid-binding domain KA1 (Moravcevic et al., 2010) and localizes in a cytoplasmic gradient and to the posterior cortex (E.E.G., A.A. Cuenca, and G.S., unpublished data). migration, GFP::PAR-1 levels remained low in the anteriorperipheral cytoplasm but increased in the posterior cytoplasm and on the posterior cortex. By NEBD, GFP::PAR-1 was enriched on the posterior cortex and formed a 3-fold anteriorlow/posterior-high gradient in the cytoplasm, paralleling the gradient in MEX-5 diffusivity ( Figure 2D and Figure S1C ). Immunostaining of wild-type (WT) embryos with an anti-PAR-1 antibody confirmed the presence of a PAR-1 gradient in the cytoplasm of zygotes at NEBD ( Figure S1D ). We conclude that PAR-1 dynamics in the cytoplasm correlate with MEX-5 diffusion dynamics and that MEX-5 responds quickly to changes in PAR-1 distribution.
To explore whether cytoplasmic PAR-1 is sufficient to stimulate MEX-5 diffusion, we analyzed the par-1 allele b274. par-1(b274) zygotes do not localize PAR-1 to the cortex and do not segregate MEX-5 but are positive for pS458, suggesting that this allele retains some par-1 kinase activity ( Figure S1B ) (Guo and Kemphues, 1995; Tenlen et al., 2008) . We sequenced par-1(b274) and found a premature stop codon at residue Q819 between the kinase domain and the domain that localizes PAR-1 to the cortex ( Figure 2B ). Western blotting and immunofluorescence analyses confirmed the presence of a truncated PAR-1 protein, expressed at 14% of wild-type levels and uniformly cytoplasmic (Figures S1B and S1E) (Hurd and Kemphues, 2003) . Before pronuclear formation, Dendra R ::MEX-5 mobility was uniformly low in par-1(b274) zygotes, as in wildtype and par-1(it51) zygotes. By NEBD, however, the apparent D c of Dendra R ::MEX-5 had increased throughout the cytoplasm to a value intermediate between that of par-1(it51) and pkc-3(RNAi) zygotes ( Figure 2C ). In par-1(b274) zygotes, PKC-3 became enriched on the anterior cortex as in wild-type, whereas Dendra R ::MEX-5 remained symmetrically distributed ( Figure S1B ) (Tenlen et al., 2008) . The intermediate Dendra R ::
MEX-5 diffusion rate in par-1(b274) zygotes was dependent on PAR-1 but not on PKC-3 ( Figure 2C ). We conclude that PAR-1 kinase activity in the cytoplasm is sufficient to increase MEX-5 diffusivity after pronuclear formation. We also examined the distribution of PAR-1 and MEX-5 in par-2 zygotes, which localize anterior PARs to the anterior cortex before, but not after, NEBD and which never enrich PAR-1 on the posterior cortex (Boyd et al., 1996; Cuenca et al., 2003) . We found that GFP::PAR-1 still formed a cytoplasmic gradient by pronuclear meeting in par-2(RNAi) zygotes ( Figure 2D and Figure S1C). The GFP::PAR-1 gradient was transient and became less pronounced following NEBD ( Figure S1C ). Remarkably, Dendra R ::MEX-5 also formed a gradient by pronuclear meeting, which weakened following NEBD ( Figure 2D and Figure S1F ). The diffusivity of Dendra R ::MEX-5 was also asymmetric in par-2(RNAi) zygotes ( Figure 2C ). We conclude that formation of a cytoplasmic PAR-1 gradient is sufficient to change MEX-5 diffusion and drive the formation of a complementary MEX-5 gradient.
PAR-1 Phosphorylates MEX-5 on Two Residues: S458 and S404
Phosphorylation of S458 depends on par-1 activity in vivo, raising the possibility that MEX-5 is a PAR-1 substrate (Tenlen et al., 2008) . To test this possibility directly, we expressed the PAR-1 kinase domain (aa 1-492) fused to maltose-binding protein (MBP) in E. coli. We also included the activating mutation T325E in the kinase activation loop (Lizcano et al., 2004) . MBP:PAR-1(aa 1-492, T325E) phosphorylated MBP:MEX-5, but not MBP or MBP:PIE-1 ( Figure 3A) . Replacement of S458 with alanine reduced, but did not abolish, phosphorylation of MBP:MEX-5 ( Figure 3A) . Using a combination of deletion and alanine mutagenesis, we identified S404 as a second PAR-1 phosphorylation site in MEX-5 ( Figure 3A) . MEX-5 mutated at both S404 and S458 was no longer a substrate for MBP:PAR-1 (aa 1-492, T325E) ( Figure 3A ). To determine whether S404 is phosphorylated by PAR-1 in vivo, we generated an antibody specific for pS404 ( Figure S2A ). Anti-pS404 immunoprecipitated $5% of total MEX-5 from extracts prepared from wild-type hermaphrodites and only $1.7% from extracts prepared from par-1(RNAi) hermaphrodites ( Figure 3B ). We conclude that PAR-1 phosphorylates MEX-5 on S458 and S404 in vitro and in vivo.
Reversible Phosphorylation of S404 Is Required to Form the MEX-5 Gradient
To investigate the role of S404 and S458 phosphorylation in vivo, we examined the distribution of MEX-5(S404A) and MEX-5(S458A) fusions. As reported in Tenlen et al. (2008) , the distribution of MEX-5(S458A) was variable from embryo to embryo, with a minority of embryos forming a shallow MEX-5 gradient. In contrast, Dendra R ::MEX-5(S404A) was symmetrically distributed in all embryos examined ( Figure 3C ). The double mutant S404A/S458A behaved like S404A (data not shown). Dendra R ::
MEX-5(S404A) diffusion was slow, comparable to that of wild-type Dendra R ::MEX-5 in par-1(it51) (Figure 3D and Figure 2C) . Dendra R ::MEX-5(S404A) remained slow diffusing in pkc-3(RNAi) and in par-1(b274) zygotes, indicating that this fusion is no longer sensitive to changes in PAR-1 activity or localization ( Figure 3D ). We conclude that the MEX-5 protein and diffusivity gradients depend primarily on phosphorylation of S404 by PAR-1. Immunofluorescence experiments using a phosphospecific antibody have shown that S458 is phosphorylated during oogenesis, and MEX-5 phosphorylated on S458 becomes enriched in the anterior in zygotes as does total MEX-5 (Tenlen et al., 2008) . These observations suggest that pS458 is relatively stable and does not respond to changes in PAR-1 localization during polarization. In contrast, we were not able to visualize pS404 by immunofluorescence, even though our phosphospecific antibody could immunoprecipitate MEX-5 from extracts ( Figure 3B ). We detected pS404 in extracts from fem-3(e2006) females, which contain oocytes but no embryos, suggesting that like S458, S404 is already phosphorylated during oogenesis (data not shown). To examine phosphorylation and dephosphorylation dynamics at S458 and S404, we phosphorylated MEX-5 in vitro using MBP::PAR-1(aa 1-492; T325E) and incubated phosphorylated MEX-5 with embryo extract. Although both sites were phosphorylated at similar rates in vitro, S404 was dephosphorylated significantly faster than S458 in embryo extracts ( Figure 3E ). Dephosphorylation was inhibited by 200 nM okadaic acid, consistent with the presence of phosphatases in the extract ( Figure 3E ). We conclude that embryos contain a phosphatase activity that efficiently reverses S404 phosphorylation.
The okadaic acid-sensitive phosphatase PP2A has been implicated as a PAR-1 antagonist in Drosophila and C. elegans (Kao et al., 2004; Krahn et al., 2009; Nam et al., 2007; Yoder et al., 2004) . PP2A is a heterotrimeric phosphatase consisting of structural, catalytic, and regulatory subunits. In C. elegans, the catalytic subunit, LET-92, is distributed throughout the cytoplasm, on centrosomes, and on P granules (Schlaitz et al., 2007) . To test whether PP2A influences MEX-5 dynamics, we analyzed let-92(RNAi) embryos. let-92(RNAi) increased the mobility and decreased the asymmetry of wild-type Dendra R :: MEX-5 ( Figures 3C and 3D ). Consistent with PP2A acting primarily via S404, let-92(RNAi) only slightly increased the Figure 2C and Figure 4D . Also see Figures S2B and S2C . (E) Dynamics of pS404 and pS458 in vitro. Left panel: MBP:MEX-5 was incubated with MBP:PAR-1(aa 1-492; T325E) and analyzed by western blot with phosphospecific pS458 and pS404 antibodies at the indicated times. Right panel: Phosphorylated MBP::MEX-5 was incubated with embryonic extract in the presence or absence of 200 nM okadaic acid (+ OA) and analyzed by western blot with pS404 and pS458 phosphospecific antibodies. Note the rapid dephosphorylation at S404. Error bars represent SEM. Also see Figure S2A . mobility of Dendra R ::MEX-5 (S404A) ( Figure 3D ). let-92 (RNAi) did not affect the posterior localization of PAR-1 ( Figures S2B  and S2C ). We conclude that PP2A, and possibly other phosphatases, antagonizes PAR-1-dependent phosphorylation of MEX-5 to return MEX-5 to a slow-diffusing state.
RNA Binding Limits MEX-5 Diffusion
The apparent D c of Dendra R ::MEX-5 before and after polarization is 10-to 20-fold lower than that of Dendra R alone (data not shown). To determine which domains of MEX-5 retard its mobility, we compared the localization and diffusion behavior of a Dendra::MEX-5 deletion series ( Figure 4A ). A C-terminal truncation lacking S404 and S458 (Dendra::MEX-5(aa 1-355)) was symmetrically distributed and uniformly slow diffusing even after polarization of the zygote ( Figure 4A ). An N-terminal truncation (Dendra R ::MEX-5(aa 245-468)) showed a moderate increase in mobility in the anterior and posterior cytoplasm and a shallower but still detectable gradient ( Figure 4A ). In contrast, fusions lacking the CCCH fingers (Dendra R ::MEX-5(aa 1-244) and Dendra R ::MEX-5(aa 345-468)) diffused >10 times faster and lacked all asymmetry ( Figure 4A ). Consistent with these findings, a GFP::MEX-5 fusion lacking only the CCCH fingers was uniformly distributed and fast diffusing (Tenlen et al., 2008) . We conclude that MEX-5 localization and slow mobility depend primarily on the CCCH fingers, with an additional contribution from the N-terminal domain. The CCCH fingers of MEX-5 mediate RNA binding in vitro (Pagano et al., 2007) . To test whether RNA binding retards MEX-5 mobility, we examined missense mutations in the CCCH fingers. Studies on the TIS11 family of CCCH finger proteins identified key amino acids that contact RNA, mutations in which disrupt RNA binding (Hudson et al., 2004; Lai et al., 2002) . The corresponding mutations in MEX-5 are M288E, M294N, Y333E, F339N. In vitro, MEX-5 binds preferentially to poly-U tracks, a sequence common in C. elegans 3 0 UTRs (Pagano et al., 2007) . R274E and K318E decrease MEX-5 affinity for poly-U by 35-fold but only modestly reduce MEX-5 ability to bind to a related sequence (UUAUUUAUU) (Pagano et al., 2007) . We found that both Dendra R ::MEX-5(M288E, M294N, Y333E, F339N) and Dendra R ::MEX-5 (R274E, K318E) formed a shallower gradient than wild-type and exhibited increased diffusivity in both the anterior and posterior (Figures 4B and 4C) . The :MEX-5 mutants measured before pronuclear (PN) formation (before polarization) and at NEBD (after polarization). The results for wildtype embryos are also presented in Figure 2C and Figure 3D . Error bars represent SEM. See also Figure S3 . apparent D c of Dendra R ::MEX-5 (R274E, K318E) was reduced in par-1(RNAi) but remained higher than wild-type MEX-5, indicating that Dendra R ::MEX-5 (R274E, K318E) is still regulated by PAR-1 but is intrinsically more mobile than wild-type Dendra R ::MEX-5 ( Figure 4C ). We conclude that RNA binding retards MEX-5 mobility. Tenlen et al. (2008) reported that cysteine-to-serine substitutions predicted to disrupt folding of the CCCH fingers do not affect the MEX-5 gradient (Tenlen et al., 2008) . We also found that Dendra R ::MEX-5(C286S,C292S,C331S,C337S) forms a gradient similar to wild-type Dendra R ::MEX-5. Dendra R ::MEX-5(C286S,C292S,C331S,C337S), however, diffused faster than Dendra R ::MEX-5 and was dependent on endogenous wild-type MEX-5 and MEX-6 to form a gradient ( Figures S3A and S3B ) (Tenlen et al., 2008) . In contrast, the diffusive behaviors of Dendra R ::MEX-5(WT) and Dendra R ::MEX-5(R274E, K318E) were not dependent on endogenous MEX-5 or MEX-6 ( Figure 4B ). These observations suggest that, in addition to RNA binding, interactions among MEX-5 and MEX-6 molecules can also contribute to MEX-5 0 s diffusive behavior. The actin cytoskeleton, which becomes enriched in the anterior cytoplasm during polarization, has been proposed as another candidate for retarding MEX-5 mobility (Tenlen et al., 2008) . To test this possibility, we treated zygotes with Latrunculin A, which depolymerizes F-actin and blocks polarization of the PARs (Severson and Bowerman, 2003) . Latrunculin A treatment resulted in uniformly slow MEX-5 diffusion and blocked Dendra R ::MEX-5 gradient formation ( Figure 4C and data not shown), indicating that F-actin is not essential to retard MEX-5 mobility.
MEX-5 Associates with Large Complexes in an RNA-Dependent Manner
To directly investigate whether MEX-5 associates with RNA in vivo, we examined the distribution of Dendra::MEX-5 in worm extracts fractionated on a 10%-45% sucrose gradient. Dendra::MEX-5 was detected in both light and heavy fractions, including fractions containing 80S ribosomes (fractions 8 and 9, Figure 5A and Figure S4A ). In contrast, Dendra alone was found primarily in the lightest fractions ( Figure S4A ). RNase treatment that eliminated the polysome RNA peaks, but not the 80S peaks, caused the Dendra::MEX-5 to shift toward the lighter fractions, indicating that the association of MEX-5 with large complexes is RNA dependent ( Figure 5A and Figure S4A ).
To test whether MEX-5 0 s behavior on sucrose gradients correlates with MEX-5 0 s diffusive behavior in vivo, we examined Dendra::MEX-5(R274E, K318E) and Dendra::MEX-5(S404A). We found that the profile of the fast-diffusing Dendra::MEX-5(R274E, K318E) was shifted toward the lighter fraction, whereas the profile of slow-diffusing MEX-5(S404A) was shifted toward the heavy fractions ( Figure 5A and Figure S4A ). We conclude that MEX-5 exists in both light and heavy complexes, and that association with the latter depends on RNA and correlates with slower diffusion.
MEX-5 Exists in Multiple Diffusive Complexes In Vivo
The broad distribution of MEX-5 in sucrose gradients suggests that MEX-5 exists in multiple complexes in vivo. To test this hypothesis directly, we used fluorescence correlation spectroscopy (FCS) to measure the diffusive behavior of individual GFP::MEX-5 molecules in live zygotes. We monitored GFP::MEX-5 at 30% and 70% embryo length in 24 zygotes at NEBD. Autocorrelation curves were fit to three-dimensional models containing one, two, or three diffusive components. suggested by the sucrose gradients, MEX-5 exists in multiple complexes in the cytoplasm, with a bias toward slower complexes in the anterior.
To examine the effect of phosphorylation by PAR-1, we repeated the FCS measurements in par-1(it51) zygotes and in wild-type zygotes expressing MEX-5(S404A). We obtained similar FCS profiles for both genotypes. As described above for wild-type GFP::MEX-5, one-component models yielded D c values that were significantly lower than those observed with Dendra R :MEX-5 in par-1(it51) embryos or Dendra R ::MEX-5(S404A) in wild-type embryos ( Figure S4B ). Two-component models, in contrast, yielded D c values consistent with the Dendra R values ( Figure 5B and Figure S4B ). The D c and concentration ratios of fast and slow complexes were similar to those observed in the anterior of wild-type embryos ( Figure 5B and Figure S4C ). These results suggest that MEX-5 distributes between slow-and fast-diffusing complexes even in the absence of PAR-1, and that phosphorylation by PAR-1 shifts the distribution of MEX-5 in favor of faster complexes. (2010) reported a similar range of mobilities for wild-type MEX-5 but did not report the relative concentration of the slowest species and only considered species within the fast range in their modeling of the MEX-5 gradient (Daniels et al., 2010) . Our analysis, however, indicates that the slow species contributes significantly to the overall diffusive behavior of MEX-5 ($70% of MEX-5 complexes in the anterior). Omission of the slow-diffusing species when calculating population D c yields values that do not match those observed experimentally using photoactivation (this work) or FRAP (Daniels et al., 2010) . We conclude that the slow-diffusing species cannot be excluded from a description of MEX-5's diffusive behavior.
Modeling of the MEX-5 Gradient
To determine whether our experimental results can be integrated into a self-consistent theoretical framework, we developed a mathematical model for the reaction-diffusion dynamics of MEX-5 ( Figure 6A ). The model is based on the principle that steady-state protein gradients form if (1) different phosphostates exhibit different diffusion coefficients and (2) interconversion between phosphostates is mediated by spatially segregated kinase and phosphatase reactions (Lipkow and Odde, 2008) . We approximated MEX-5 diffusion dynamics by allowing for a fast species (D fast = 5 mm 2 /s) and a slow species (D slow = 0.07 mm 2 /s) whose interconversion is regulated by a phosphorylation cycle mediated by PAR-1 and PP2A (and possibly other phosphatases) ( Figure 6A ). Because the relative activity of cortical and cytoplasmic PAR-1 are not known, we independently considered how cytoplasmic and cortical PAR-1 affect MEX-5 segregation. Phosphatase activity was assumed to be uniform in the cytoplasm such that, in both scenarios, the kinase and phosphatase activities are spatially distinct from each other. Unsteady-state analysis and the sensitivity of the cytoplasmic and cortical PAR-1 models to changes in individual parameters are presented in Figure S5 and Figure S6 and described in Extended Experimental Procedures.
We first considered a model in which PAR-1 activity exists in a linear 5.5-fold gradient in the cytoplasm (low anterior, high posterior). The PAR-1 and phosphatase rates were matched in the posterior to yield slow:fast ratios of 1:1 in the posterior and 2:1 in the anterior, as observed in our FCS measurements ( Figure 6B and Table 1 ). This model gives rise to a temporally stable $2.9-fold MEX-5 concentration gradient as is observed in vivo. Given a phosphatase rate of 0.1 s À1 (within the range reported in the literature of 0.1-100 s À1 ; Brown and Kholodenko, 1999) , the timescale of gradient formation is $160 s ( Figure S5B ), consistent with the kinetics observed in vivo (Figure 1 ). Coordinately changing the absolute kinase and phosphatase rates over two orders of magnitude has little effect on the strength of the gradient. For example, increasing or decreasing both the kinase and phosphatase rates by a factor of 10 generates 3.0-and 2.8-fold MEX-5 gradients, respectively (Figures S5G and S5H) . If only the kinase or phosphatase rate is changed (rather than changing them coordinately), the MEX-5 gradient is lost (Figures S5C-S5F ). For example, reducing phosphatase activity while maintaining PAR-1 activity increases the proportion of fast-diffusing species and flattens the MEX-5 gradient (Figure 6C and Figure S5D ), as observed in let-92(RNAi) embryos ( Figures 3C and 3D) . Interestingly, the MEX-5 concentration gradient is always weaker than the PAR-1 activity gradient (see Discussion).
We next considered a model where PAR-1 is entirely cortical and instantaneously phosphorylates MEX-5. In this corticalonly PAR-1 model, the extent of PAR-1's influence on MEX-5 is determined by the phosphatase rate. For example, at a k phos = 0.1 s À1 , the effect on MEX-5 drops off sharply within 10 mm of the cortex ( Figure 6D and Figure S6B) . A phosphatase rate of k phos = 0.01 s À1 would generate an $3-fold MEX-5 gradient ( Figure 6E and Figure S6C ). However, nearly all MEX-5 would be in the slow-diffusing state, in contrast to our FCS observations. A gradient with the observed proportions of fast-and slow-diffusing MEX-5 species is only obtained at a phosphatase rate of k phos = 0.0001 s À1 . However, the approach to steady state would be $17 min, far slower than what is observed in vivo (Figure 6K and Figure S6D) . Thus, the cortical-only PAR-1 model is not able to simultaneously explain the relative proportions of fast and slow species while also maintaining a rapid approach to steady state. Taken together, the modeling analyses support a critical role for cytoplasmic PAR-1 and demonstrate that the MEX-5 diffusion gradient is sufficient to account for the MEX-5 protein gradient.
DISCUSSION
In this study, we present evidence that the antagonistic activities of PAR-1 and PP2A regulate MEX-5 diffusion to establish the MEX-5 protein gradient. We propose the following model. MEX-5 is in dynamic, local equilibrium between different diffusive RNA complexes in the cytoplasm. Phosphorylation of S404 by PAR-1 biases MEX-5 toward faster-diffusing complexes, and dephosphorylation by PP2A returns MEX-5 into slower-diffusing complexes. Before polarization, PP2A activity dominates over PAR-1, pS404 levels are low, and the majority of MEX-5 molecules are in slow-diffusing complexes. At polarity onset, an unknown mechanism favors PAR-1 activity over PP2A, causing pS404 levels to rise and MEX-5 to enter faster complexes. During polarization, the PP2A/PAR-1 balance is changed along the anterior-posterior axis as PAR-1 becomes enriched in a posterior-to-anterior gradient in the cytoplasm and on the posterior cortex, causing MEX-5 to switch from phosphorylated (on average faster-diffusing) to unphosphorylated (on average slower-diffusing), as it diffuses down the PAR-1 gradient. As a result, MEX-5 redistributes in a gradient opposite PAR-1. We consider each aspect of this model in turn. 
MEX-5 Diffusion Is
Retarded by Binding to RNA throughout the Cytoplasm Our FCS analysis indicates that MEX-5 distributes between two classes of diffusive complexes: a ''fast'' class averaging 5.15 mm 2 /s and a ''slow'' class averaging 0.086 mm 2 /s. Both classes are present throughout the cytoplasm, but the slow class is distributed in an anterior-high to posterior-low gradient. Because FCS analysis only constrains the minimum number of diffusive species, we cannot distinguish whether MEX-5 participates in two or more complexes. The broad range of diffusion coefficients for the fast and slow components and the broad distribution of Dendra::MEX-5 in sucrose gradients suggest, in fact, that MEX-5 may interact with a large range of complexes.
Several lines of evidence suggest that MEX-5's association with slow-diffusive complexes depends on binding to RNA. First, mutations in the CCCH fingers that reduce MEX-5 affinity for RNA increase MEX-5 diffusion and reduce the steepness of the MEX-5 gradient. Second, sucrose gradient fractionation demonstrates that MEX-5 associates with high-density complexes (comparable to 80S ribosomes) in a manner dependent on RNA and the MEX-5 RNA-binding domain. Third, the D c for the slow species is consistent with mRNP diffusion rates (0.01-0.09 mm 2 /s) in the cytoplasm of E. coli and in the nucleus of mammalian cells (Golding and Cox, 2004; Shav-Tal et al., 2004) . Because mutations that block MEX-5 phosphorylation (S404A) cause the slow MEX-5 species to be symmetrically distributed even in wild-type zygotes, we do not favor a model wherein MEX-5 diffusion is retarded by binding to a subclass of asymmetrically localized mRNAs. Rather, we suggest that MEX-5 interacts dynamically with many mRNAs throughout the cytoplasm. Consistent with MEX-5 functioning as a broad-spectrum RNA-binding protein, MEX-5 binds to poly-U tracks, which are common in C. elegans 3 0 untranslated regions (UTRs) (Pagano et al., 2007) , and activates maternal mRNA turnover in somatic blastomeres after the two-cell stage (Gallo et al., 2008) . Our mutational analysis also indicates that the amino terminus of MEX-5 contributes to, but is not sufficient for, slow MEX-5 diffusion. This region is rich in polyglutamine stretches, which could mediate MEX-5 self-association. One possibility is that, as proposed for Bruno in Drosophila, MEX-5 uses self-interactions and RNA binding to assemble into large ribonucleoprotein particles with retarded diffusion (Chekulaeva et al., 2006) .
Phosphorylation of S404 by PAR-1 Biases MEX-5 toward Fast Complexes, and Dephosphorylation by PP2A Returns MEX-5 into Slow Complexes In the absence of PAR-1, fast and slow MEX-5 complexes are distributed in a 30:70 constant ratio throughout the cytoplasm, indicating that phosphorylation enhances, but is not essential for, the formation of fast MEX-5 complexes. Because conditions predicted to reduce (par-1(it51)) or increase (let-92(RNAi)) phosphorylation have opposite effects on MEX-5 diffusivity, we suggest that phosphorylation promotes the shifting of MEX-5 from slow-to fast-diffusing complexes. Consistent with this view, MEX-5(S404A) was enriched in the heavier sucrose gradient fractions compared to wild-type MEX-5. In our simulation of the MEX-5 gradient, MEX-5 must switch multiple times between phosphostates as it diffuses across the embryo (see discussion in Extended Experimental Procedures). Consistent with this possibility, we find that pS404 is highly labile in embryo extracts. We suggest that the rapid turnover of pS404 renders MEX-5 exquisitely sensitive to changes in PAR-1 distribution.
Cytoplasmic PAR-1 Is Essential for the Formation of the MEX-5 Gradient Our simulations also demonstrate the importance of cytoplasmic PAR-1 in specifying the MEX-5 gradient. In the cortical-only PAR-1 model, high k phos values generate MEX-5 gradients that drop off sharply from the posterior cortex, whereas low k phos values yield MEX-5 gradients that form too slowly. In contrast, in the presence of a cytoplasmic PAR-1 activity gradient, a broad range of kinase and phosphatase activities could generate the MEX-5 gradient. Cytoplasmic PAR-1, therefore, eliminates the trade-off between gradient scale and response time. Our in vivo observations confirm that cytoplasmic PAR-1 is sufficient to regulate MEX-5 distribution: most notably, MEX-5 forms a gradient in par-2(RNAi) zygotes, which enrich PAR-1 in the posterior cytoplasm but not on the cortex. That PAR-1 can function off the cortex has also been suggested by Boyd et al. (1996) , who noted that par-2 mutant zygotes localize P granules, a function requiring par-1 activity (Boyd et al., 1996; Cheeks et al., 2004) .
One striking aspect of our model is that the amplitude of the MEX-5 gradient will always be smaller than the PAR-1 activity gradient (an $2.9-fold MEX-5 gradient requires a 5.5-fold PAR-1 activity gradient). GFP::PAR-1 forms an $3-to 4-fold cytoplasmic concentration gradient, and regulation of PAR-1 kinase activity along the anterior-posterior axis could also contribute to an overall PAR-1 activity gradient. PAR-1 kinase activity has been suggested to be regulated by several mechanisms (Marx et al., 2010) , including inhibition by aPKC (Hurov et al., 2004) . Rate constants must be approximately equal in the posterior region to obtain 1:1 slow:fast diffusing species, and k phos > k kin to obtain >1:1 slow:fast in the anterior region.
(2) Kinase rate constant gradient needs to be larger than the MEX-5 gradient. Here it is assumed that the PAR-1 activity gradient is 5.5-fold, resulting in $2.9-fold MEX-5 concentration gradient.
(3) Posterior cortical-only PAR-1 case modeled with instantaneous kinase reaction at the right boundary (i.e., x = L), k kin (x) = 0 s À1 and k phos = 0.1 s À1 ( Figure 6D ) or k phos =0.01s À1 ( Figure 6E ).
aPKC phosphorylates PAR-1 in vitro on a conserved threonine (T983) required for PAR-1 asymmetry in vivo (E.E.G., Y. Hao, and G.S., unpublished data). One possibility is that phosphorylation by anteriorly enriched PKC-3 regulates both PAR-1 activity and levels along the anterior-posterior axis. In polarized T cells, PAR1b/EMK/MARK2 forms a cytoplasmic gradient near the immunological synapse that depends on PKC phosphorylation sites (Lin et al., 2009 ). These observations raise the possibility that the polarizing effects of the PAR network depend on the formation of cytoplasmic PAR-1 gradients in several cell types. The ''reactive surface'' model of Daniels et al. (2010) proposes that MEX-5 diffusion is regulated at the cortex by interactions with both anterior and posterior PARs. Anterior PARs convert phosphorylated MEX-5 into a slower-diffusive form (0.4-1 mm 2 /s), which must be dephosphorylated before conversion back into a faster ($15 mm 2 /s) form by the posterior PARs (Daniels et al., 2010) . The ''reactive surface'' model does not consider the behavior of the slowest MEX-5 species, which in our FCS analysis account for >50% of total MEX-5 (average 0.086 mm 2 /s, range 0.025 to 0.16 mm 2 /s). Furthermore, this model predicts that loss of phosphatase activity should slow MEX-5 diffusion, whereas we find that loss of the PP2A phosphatase increases MEX-5 diffusivity. This model also predicts that, under conditions where MEX-5 is phosphorylated (PAR-1 active), loss of anterior PARs should increase MEX-5 diffusivity. In contrast, we find that pkc-3(RNAi) has no effect on MEX-5 diffusivity in par-1(b274) zygotes ( Figure 2C) . Our genetic analyses demonstrate that par-1 is fully epistatic to pkc-3 with respect to MEX-5 diffusivity, making a direct contribution by anterior PARs unlikely. Rather, our data indicate that anterior PARs regulate MEX-5 diffusion indirectly, by controlling the distribution (and possibly the activity) of PAR-1 along the anterior-posterior axis.
Formation of Concentration Gradients by Spatially Segregated Modification Enzymes
The model of Lipkow and Odde (2008) can be used to form gradients at any cellular scale by varying diffusion and phosphatase rates. The MEX-5 gradient is established in an $50 mm zygote, but the same principles could account for the apparent CheY gradient that emerges in the cytoplasm of E. coli ($5 mm) upon uncoupling of the phosphatase/kinase pair CheZ/CheA (Vaknin and Berg, 2004) . Spatial segregation of kinase and phosphatase activities has been shown to lead to phosphogradients in many cell types from bacteria to eukaryotic cells (Brown and Kholodenko, 1999; Coppey et al., 2008; Fuller et al., 2008; Kalab et al., 2002; Maeder et al., 2007; Su et al., 1998) . Our modeling analyses demonstrate that a spatially biased kinase and phosphatase cycle can give rise to protein concentration gradients even under conditions where the phosphogradient is weak. Despite higher PAR-1 activity in the posterior, phosphorylated MEX-5 is predicted to distribute almost evenly across the zygote due to its faster diffusion (Figure 6 ). In principle, any posttranslational modification cycle could generate a protein concentration gradient, as long as the opposing enzymes are spatially segregated and the modification affects protein diffusion rates. We suggest that the mechanism we uncover here for MEX-5 can be applied broadly to understanding rapid changes in the distribution of cytoplasmic proteins in a variety of cell types.
EXPERIMENTAL PROCEDURES
Detailed experimental procedures are described in the Extended Experimental Procedures.
C. elegans Strains
Transgenic worms used in this study are listed in Table S1 .
Determination of Dendra R ::MEX-5 Diffusion Coefficients
Dendra::MEX-5 was photoconverted in a stripe with UV light and imaged on a spinning disk confocal microscope. Intensity values were fit to Gaussian distributions for each time point (GraphPad Prism), and the change in variance over time was used to calculate D c (Berg, 1993) .
Recombinant Protein Purification, Kinase Assays, and Dephosphorylation Assays MBP:MEX-5 and MBP:PAR-1 (1-492, T325E) were partially purified from E. coli and incubated at 30 C in the presence of [ 32 P]-ATP or cold ATP. For nonisotopic phosphorylation and dephosphorylation assays, kinase reactions were terminated with 20 nM staurosporine before embryonic extract was added.
Immunoprecipitations MEX-5 pS404 phosphospecific antibodies coupled to ProteinG dynabeads were used to immunoprecipitate from whole worm extracts.
Sucrose Gradient Fractionation
Cycloheximide-treated whole worm extracts were fractionated over 10%-45% linear sucrose gradients at 39,000 rpm for 3 hr. Fractions were collected after passing the gradient through a UV detector, and the distribution of Dendra::MEX-5 was determined by western blot with anti-Dendra antibodies (Axxora).
Fluorescence Correlation Spectroscopy GFP::MEX-5 levels were reduced by partial GFP RNAi depletion prior to imaging. Embryos were imaged on a Zeiss LSM 510 Confocal microscope equipped with a Confocor 3 FCS. Autocorrelation curves were analyzed within the Zeiss Confocor 3 software package.
Modeling of the MEX-5 Gradient
Parameters used in the models are listed in 
